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Abstract 
Today, nearly a quarter of all U. S. electricity is consumed by lighting. 
Consequently, there is a huge drive by the lighting industry to develop more efficient 
sources of lighting. One major factor preventing speedy development of new lighting 
technologies, however, is the lengthy test required to test the life span of new products. 
An average life test can take as long as two to three years to complete. A faster, 
accelerated life test is desperately needed to speed along efficient lighting production, but 
a faster test does simply not exist. Starting with one fundamental idea for an accelerated 
life test, this paper outlines two possible approaches for designing an accelerated life test. 
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1 Introduction 
1.1 Background and Significance 
Since the unveiling of the light bulb in 1879, lighting has been an integral part of 
everyday life, and over the past twenty years lighting research has been growing in both 
size and importance (I). Today it is estimated that about 22 % of all electricity generated 
by the U. S. is consumed by lighting (2). As a result, nearly all sectors of the lighting 
industry have been conducting research in an effort to design more energy efficient 
lighting. With this extensive new research, more and more new lighting products and 
technologies are being created, and as with all new technologies, many tests need to be 
conducted to ensure their quality. These tests determine such characteristics as active 
power, ballast factor (BF), light output, system efficiency, minimum starting temperature, 
power factor (PF), life, color, lamp lumens depreciation, and more. 
While most of these tests can be done quite efficiently (in a short time), one key 
test does not have the same desirable quality. The life test, in particular, takes a great 
deal of time to carry out. For example, today, the average fluorescent bulb has a life span 
of approximately 20,000 hours. To carry out the current life test procedure for this lamp 
would take 20,000 hours or longer. That is equivalent to approximately 834 days, or 2.3 
years, and this is the only available testing procedure. A faster life test does simply not 
exist. Taking this long to test a single new technology severely cripples industry in their 
ability to develop new products in an efficient amount of time. This keeps new, more 
efficient lighting from entering the market, not only costing the industry both time and 
money, but also costing consumers vast amounts of money in high electric bills. An 
accelerated life test would tremendously benefit the lighting industry and consumer. 
NOTE: The benefits of an accelerated life test would not only be felt by the lighting industry, many 
products outside of the lighting industry require a similar, inefficient, life test. 
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1.2 Paper Overview 
The aim of this paper is to develop a general method for designing an accelerated 
life test. The rest of the introduction gives an overview of the current life test method 
used in industry, and then goes on to introduce the fundamental idea for developing an 
accelerated life test. The remainder of the paper is broken into two main sections, with a 
different approach for designing an accelerated life test being presented in each section. 
The ideas presented in both approaches are in no way fully detailed. The two 
approaches, instead, present a thorough guide through two possible methods. It should be 
pointed out that the task of designing a successful accelerated life test is very complicated 
process. If developing an accelerated life test was an easy task, an accelerated life test 
would be in existence today. 
1.3 Current Testing Method 
Today, a life test is carried out with the aid of Wei bull analysis, which is a statistical 
method used to analysis failure data for a wide range of products. The Weibull 
distribution was developed in 1937 by Waloddi Weibull and has since become the 
industrial norm for analyzing failure data. The general method for performing the current 
life test with Weibull analysis is as follows. 
I) A small sample of the product being tested, say twenty, is ran through normal 
wear. 
2) The time to failure for each item is then recorded and entered into the WeibuIl 
software package known as SuperSMITH. This "time" can be in terms start/stop 
cycles, operating time, mileage, or whatever is deemed appropriate for the 
product. 
3) The desired information is then interpreted from the Weibull plot. Figure 1 
shows a typical plot. 
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Figure 1 
Typical Weibull Plot 
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The characteristic life or average life, 11 (Eta), is the amount of time or number of 
cycles it takes for 63.2% of the items to fail, and the slope of the plot, ~ (Beta), gives 
insight as to how the items fail. For example, if ~ is small, this indicated that product 
failures will be spread out and gradual. That is, there will be a great deal of time between 
each failure. A steep slope (large ~), on the other hand, indicated that after the first failure 
has occurred, the other items can be expected to fail in a short span of time. These two 
bits of data not only give information about the average life and failure type, they also 
give insight to a variety of industrial issues that are beyond the scope of this paper. This 
is a very general overview as to how failure analysis is done, and while this process may 
seem very straightforward, analysis is often very complicated. 
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1.4 Fundamental Idea for Developing an Accelerated Life Test 
Figure 2 
Standard Fluorescent Lamp Plot 
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Figure 2 shows the Weibull plot for a staodard fluorescent lamp. From this plot it 
cao be seen that it takes approximately 10,000 hours for the first lamp failure to occur. 
During tills first 10,000 hours of normal burn time, there is no failure data collected 
because no lamps fail during tills time interval. Failure data cao only be collected after 
the 10,000 hour mark, which makes the first 10,000 hours of testing worthless in terms of 
information gathered. Ideally, failure data would be collected as soon as testing starts, 
but unfortunately the current method does not allow tills to happen. Somehow, the 
beginning 10,000 hours needs to be "burned," or passed, very rapidly in order to reach 
the time interval of interest. The time interval of interest is 10,000 hours aod on, because 
this is when failures occur. Here, the obvious question is raised: How cao 10,000 hours 
be bypassed very rapidly? The aoswer is by repeatedly turning the lamp on aod off. 
Instead of letting a lamp burn normally (by being on) during its initial 10,000 hours, 
expose it to repeated on-off cycles. Turning a lamp on aod off repeatedly damages it 
much more rapidly than normal burn does. 10,000 hours of normal burn damage can 
instead be expired very rapidly with on-off cycles. After these 10,000 hours are passed 
very quickly, it is our hypothesis that the bulbs can then be returned to normal burn so 
that the failure data can be collected. Figure 3 highlights the main idea of this method. 
Figure 3 
Fundamental Accelerated Life Test Idea 
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This general idea, however, brings up two important questions. 
1) If this new method is applied to lamps in which the failure results are unknown, 
how many normal burn hours will the on-off cycles represent? For the current 
fluorescent lamp it represents 10,000 hours, but this is only known because the 
traditional life test has been carried out. 
2) Will being damaged by on-off cycles instead of normal burn hours (during the 
initial 10,000 hours) change how the lamp ultimately fails? That is, will the new 
method produce the same results as the current method? 
2 Designing an Accelerated Life Test - Approach #1 
When designing an accelerated life test, the first concern lies in answering 
question number one, posed in the General Approach section. Here it should be stressed 
that the discussion presented in the previous section focused only on one particular 
fluorescent lamp. In general, it is not known how long it takes for a group of lamps to 
reach the first failure, unless the traditional test has already been performed. But 
remember, the traditional life test is exactly what an accelerated life test is trying to 
avoid. For the example discussed above, the desired results were already known, so it 
was also known that the number of on-off cycles required to reach the first failure was 
equivalent to 10,000 normal burn hours. 
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If instead this new method were applied to a group of bulbs with unknown failure 
results, the following steps would need to be taken. 
I) Expose all lamps to repeated on-off cycles until the first failure, and record the 
number of on-off cycles. 
2) Switch all the lamps to normal burn, treating the first failure as the origin (time 
equal to 0). 
3) Record the number of normal burn hours it takes for each lamp to fail. 
4) Plot this data using SuperSMITH. 
Following this procedure results in a plot similar to the red plot in Figure 4. The actual, 
unknown results, however, would actually resemble the blue plot in Figure 4. 
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Figure 4 
Comparing New Results with Desired Results 
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This brings up the idea of a three-parameter Wei bull plot. The discussion thus far 
has only involved two parameters, namely T] and~. A third parameter, to, however, is an 
important aspect of Wei bull analysis. The parameter, to, is a time correction, which is a 
shift in the time origin of a Wei bull plot. There are many possible reasons for a time 
origin shift. A manufacturer, for example, might have put time or mileage on a product 
as part of production acceptance, but reported the product as having "zero time." In this 
case, the amount oftime or mileage exposed to (he product by the manufacturer would be 
(he correct to time shift. 
We now shift our attention back to the accelerated life test. Here, the red plot in 
Figure 4 requires a to shi ft in order (0 "match up" with the correct data (blue plot) in 
Figure 4. For the red data in Figure 4, the appropriate to shift is unknown (because the 
actual results (blue plot) are unknown). The desired to shift is the number of normal burn 
hours relating to the number of on-off cycles. While the number of on-off cycles is 
known, knowing how many normal bum hours this represents is not. A method for 
converting the number of on-off cycles to normal bum hours is needed to accomplish 
this. Thus, a strategy to determine the relationship between on-off cycles and normal 
burn hours in needed to complete this accelerated life test. 
2.2 Developing a Relationship between Normal Burn Hours and On-Off Cycles 
8 
In order to develop a relationship between normal burn hours and on-off cycles, 
the following idea is introduced. Several groups of lamps will be "burned" until the first 
failure, but each group will be "burned" in different ways. Each group of lamps will first 
be exposed to a particular number of on-off cycles, the particular number being different 
for each group of lamps. After a group has completed its corresponding on-off cycles, 
the group will then be switch to normal bum. Normal burn will then continue until the 
first failure occurs. The key idea here is that a group of bulbs exposed to more on-off 
cycles will take less normal burn hours to reach a failure. Here, the number of on-off 
cycles will be chosen for each group of lamps, and the number of normal bum hours till 
failure will be the recorded data. Table 1 below illustrates this idea. Fore ease of 
discussion, we will assume that the relationship between on-off cycles and normal burn 
hours is linear. It is likely, however, that the true relationship is ofa more complex 
nature. 
Table 1 
Group Initial On-Off Cycles Normal Burn Hours (till first failure) 
1 0 10,000 
2 1,000 7,500 
3 2,000 5,000 
4 3000 2,500 
5 4,000 0 
Note: The data presented in Table I was fabricated to illustrate this idea. 
For the example in Table 1, it can be seen that 0 on-off cycles represents 0 normal burn 
hours, 1,000 on-off cycles represents 2,500 normal burn hours, 2,000 on-off cycles 
represents 5,000 normal bum hours, and 4,000 on-off cycles represents 10,000 normal 
burn hours. After gathering this data, the number of on-off cycles can be plotted against 
the number of normal burn hours it represents, resulting in Figure 5. 
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Now, a clear relationship between on-off cycles and normal bum hours has been 
developed. In the process of determining this relationship, however, some groups of 
lamps had to be exposed to long periods of normal burn, which is the lengthy procedure 
that an accelerated life test aims to eliminate. To avoid long intervals of normal burn, the 
procedure outlined in Table 1 can be modified so that the groups of lamps are burned as 
in Table 2 below. 
Table 2 
Grouo Initial On-Off Cvcles Normal Burn Hours (till first failure) 
1 2,000 5,000 
2 2,500 3,750 
3 3000 2,500 
4 3,500 1,250 
5 4,000 0 
Note: The data presented in Table 2 was fabricated to illustrate this idea. 
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Modifying the process, however, decreases the interval on which the relationship is 
known. For this example, the relationship is only known between 2,000 on-off cycles 
and 4,000 on-off cycles. Fortunately, extrapolation can be used to estimate the 
relationship outside this interval. Extrapolation of the data in Table 2 results in Figure 6. 
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The difficulty in determining the relationship between on-off cycles and normal burn 
hours lies in choosing the number of on-off cycles to expose each group of lamps to. 
When deciding what number of on-off cycles to expose to each group of lamps, the 
following items need to be considered. 
I) Choosing the number of on-off cycles too small will result in long normal burn 
hours. 
2) Choosing the number of on-off cycles too large will result in lamp failure before 
switching to normal burn. 
3) Choosing the intervals of on-off cycles between different groups of lamps too 
small will result in data that is cluttered and hard to distinguish between. 
2.3 Summary of Approach #1 
I) Expose a group oflamps to on-off cycles until the first failure occurs. Treat the 
time of the first failure as time O. 
2) Switch the lamps to normal burn. 
3) Record the normal burn hours to each failure and plot data using SuperSMITH. 
4) Develop the relationship between on-off cycles and normal burn hours. 
5) Find to by converting the number of on-off cycles until the first failure to normal 
burn hours. This is done via the relationship developed in step 4. 
6) Add to to the SuperSMITH plot. 
2.4 Comments on Approach #1 
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Again, it should be stressed that the data presented in this approach was presented 
for illustration purposes, and is not true data. Also, as mentioned previously, the 
relationship between on-off cycles and normal burn hours was assumed to be linear for 
ease of discussion. It is likely that the actual relationship is more complex, which would 
make the details of this method even more complicated. 
There are two major problems with this approach. 
I) Difficult choosing what on-off cycles should be imposed to find the relationship 
between on-off cycles and normal burn hours. 
2) After the accelerated life test is complete, there is no way of knowing if the results 
"match" the desired results. The desired results are the results gathered from the 
traditional life test. 
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3 Designing an Accelerated Life Test - Approach #2 
The second approach will also generate a relationship between on-off cycles and 
normal burn hours, but will also aim to verifY if the results gathered from the accelerated 
life test are the same as the results from the traditional life test. The first step of this 
approach will be to develop the relationship between on-off cycles and normal burn 
hours. This will be done in a similar fashion as in approach # I, but instead of exposing 
the groups of lamps to on-off cycles initially and then switching to normal bum, the 
opposite will be done. The groups of/amps will first be exposed to a certain amount of 
normal burn hours, and will then be switched to on-off cycles. These on-off cycles, 
however, will not stop at the first failure, but will be carried out until a certain percentage 
of/amps have failed. Table 3 illustrates this idea. 
Table 3 
Group Initial Normal Burn Hours On-Off Cycles (till certain % fail) 
1 0 9,000 
2 1,000 8,500 
3 2,000 8,000 
4 3,000 7500 
5 4,000 7,000 
Note: The data presented in Table 3 was fabricated to illustrate this idea. 
Similar to the relationship developed in approach #1, it can be seen that 0 on-off cycles 
corresponds to 0 normal bum hours, 500 on-off cycles corresponds to 1,000 normal bum 
hours, 1,000 on-off cycles corresponds to 2,000 normal burn hours, and so on and so 
forth. Plotting this data on an on-off cycle versus normal burn hours graph results in the 
relationship shown in Figure 7. Again, extrapolation has to be used to extend the 
relationship over a larger interval. 
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Figure 7 
On-Off VS. Normal Burn 
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3.1 Converting On-Off Cycles to Normal Burn Hours 
For ease of explanation, let's assume there are 20 lamps in each group, and each 
group is exposed to on-off cycles until 50 % of the lamps fail. Thus, exactly 10 lamps in 
each group fail due to on-off cycles. Now, for each lamp that has failed during the on-off 
cycles, the total time to failure is equal to the initial normal burn hours plus the number of 
on-off cycles to failure. Then the number of on-off cycles can be converted to normal 
burn hours via the relationship that has already been developed in Figure 7. From the 
lamps in Group I, we would expect data similar to that in Table 4. 
# of On-Off Cycles to 
Lamp Failure 
1 5,000 
2 5,400 
3 5,900 
4 6,375 
5 6775 
6 7,250 
7 7,825 
8 8,200 
9 8,650 
10 9,000 
Table 4 
Group 1 Lamps 
Corresponding N. B. Hours 
(from Figure 8) 
10,000 
10,800 
11,800 
12,750 
13550 
14,500 
15,650 
16,400 
17,300 
18,000 
Initial Total 
N. B. Hours N. B. Hours 
0 10,000 
0 10,800 
0 11,800 
0 12,750 
0 13,550 
0 14,500 
0 15,650 
0 16,400 
0 17,300 
0 18,000' 
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~ The data presented in Table 4 was fabricated to illustrate this idea. 
Data will also be generated for the first 10 lamps in Group 2, 3, 4, and 5 in a similar 
fashion. Thus, there will be a table similar to Table 5 for each group of lamps. Then for 
each group, a Weibull plot can be generated for the failures that have occurred during the 
on-off cycles. At this point in the test, only 10 lamps have failed in each group, which 
means that 10 lamps have not yet failed. Weibull plots, however, give us the option of 
plotting our failure data before all the lamps have failed. To plot failure data on a 
Weibull plot before all the lamps have failed requires the use of suspension, which is 
explained in more detail in the following section. 
3.2 Suspensions 
A suspension is defined as a unit that has not yet failed at the time a Weibull plot 
is generated. There are also other reasons for suspensions, but those reasons are beyond 
the scope of this paper. Suspensions are important because all units, lamps in this case, 
need to be accounted for to plot the failure data, even if all of the units have not yet 
failed. The use of suspensions, however, allows failure data to be plotted before all the 
units in a life test have failed. We would always prefer a complete sample (Le. no 
suspensions), but it is important to know that a Wei bull plot can be generated before a 
life test is complete (Le. all units have failed). 
3.3 Plotting On-Off Failures on SuperSMITH with Suspensions 
Using the idea of suspensions, we can now generate a Weibull plot for each group 
of bulbs. In this case, each group will have 10 suspensions and 10 data points. For 
Groupl, the data from Table 4 will be used to generate the Weibull plot. 
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Figure 8 
On-Off Failures with Suspensions for Group 1 
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We would hope to find the Weibull plots generated for each group to be very similar to 
each other. If the Weibull plots vary greatly, it would be an indication that the groups of 
lamps are failing differently because each group experiences a different pattern of failure 
modes. Each group will be exposed to a different number of initial normal burn hours, 
which may cause the lamps to fail differently. If we find that the plots from each group 
are similar, the test can be continued. If the plots are greatly different, however, this test 
will need to be modified or disregarded. 
3.4 Returning to Normal Burn Mter 50 % Fail 
The next part of this approach requires returning all groups of lamps back to 
normal burn after the desired percentage fails. For the failure data collected during this 
final normal burn, the point where this final normal burn starts will be considered the 
time origin (time = 0). The number of normal burn hours to failure will then be recorded 
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for each lamp. This means that each group oflamps will have 10 failures during this 
final normal burn. For Group I, the failure data for the last ten lamps would be expected 
to look similar to the data in Table 5. 
Lamp 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Table 5 
Group I Lamps 
Final N. B. Hours 
(till failure) 
1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 
10,000 
Note: The data presented in Table 5 
was fabricated to illustrate this idea. 
In fact, since all groups of lamps are switched to normal burn after the desired percentage 
fail (these first failures occur during the on-off cycles), it would be hypothesized that all 
groups of lamps would generate data very close to Table 5. If all groups of lamps do not 
return very similar failure data during the final normal burn period, it would indicate that 
the groups of lamps failed differently due to different exposure periods of on-off cycles 
and normal burn hours. Remember, all groups oflamps experienced different burn 
sequences before being switched to normal burn, which could cause the groups to fail 
differently. Assuming, however, that all groups of lamps do generate similar data during 
. the final normal burn, the next step involves combining the failure data for all lamps in 
order to develop a complete Weibull plot. 
3.5 Combining On-Off Failures with Normal Burn Failures 
In order to combine all of the data for on-offfailures and normal burn failures, the 
first step is to find a common time origin for both sets of data. The time origin for the 
on-off failures is set to be the moment the accelerated life test starts. The time origin for 
the normal burn failures, however, is currently at the moment bulbs are switched from 
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on-off cycles to normal bum. To fix this problem, the normal bum time origin will be 
switched to match the on-off failures. To do this, the number of normal burn hours it 
takes to reach the desired percentage of failures is simply added to the normal bum 
failure data. For Group I , this number is marked with an "*,, in Table 4. While this time 
adjustment will be different for each group oflamps, it should be very similar for each 
group. Table 6 shows the normal bum failures for Group 1 with the new time origin, 
matching that of the on-off failures. 
Lamp 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Table 6 
Group I Lamps 
Final N. B. Hours Final N. B. Hours 
(with old time origin) (with time adiustment of +18,000*) 
1,000 19,000 
2,000 20,000 
3,000 21,000 
4,000 22.000 
5,000 23,000 
6,000 24,000 
7000 25,000 
8,000 26,000 
9,000 27,000 
10,000 28,000 
Note: The data presented in Table 5 was fabricated to illustrate this idea. 
Now that all of the failure data has the same time origin, the Weibull plot can be 
generated with no suspensions. Plotting the first 10 lamps from the "total N. B. hours" 
data in Table 4, along with the adjusted values for lamps II through 20 from Table 6, 
yields the following Weibull plot. 
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Figure 9 
Final Plot for Group I 
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Again, this is only the plot of the lamps in Group I. A plot for the lamps in the other 
groups would also be generated using the same procedure. The results from the plots in 
this section should closely match the plots generated in section 3.3. The plots in this 
section, however, should be more accurate because no suspensions were used (all lamps 
failed). 
3.6 Summary of Approach #2 
1) Expose each group of lamps to different initial normal burn hours before 
switching to on-off cycles. 
2) Continue exposing lamps to on-off cycles until a certain percentage has failed. 
3) Develop relationship between on-off cycles and normal bum hours. 
4) Find equivalent number of normal burn hours for each lamp that has failed due to 
on-off cycles. This is done via the relationship developed in step 3. 
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5) Plot on-offfailures with SuperSMITH. Suspensions must be used for lamps that 
have not yet failed. 
6) Switch all lamps back to normal bum. 
7) Collect failure data for the remaining bulbs. 
8) Find a common time origin for all lamps. 
9) Plot both on-off failures and normal bum failures on the same Weibull plot. A 
Weibull plot will be generated for each group oflamps. 
3.7 Comments on Approach #2 
As with the approach presented in section 3, all of the data presented in this 
approach was also fabricated for illustration purposes. Actual results would most likely 
show a non-linear relationship between on-off cycles and normal bum hours. 
As previously mentioned in this approach, the Weibull plots from each group of 
lamps should closely resemble one another. IfWeibull plots vary greatly from one 
another, this approach will need to be modified. 
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4 Conclusion 
At this point it seems appropriate to reiterate the importance of designing 
an accelerated life test. As mentioned earlier in the paper, an accelerated life test is 
desperately needed by both the lighting industry and consumer because oflighting's high 
electricity consumption. An accelerated life test would significantly reduce the time of 
product development, and as a result, more energy efficient lighting would become 
available in a more timely manner. 
After developing two approaches for designing an accelerated life test, our 
discussion now turns to carrying out these procedures. At the same time the approaches 
discussed in this paper were being developed, a means for testing these hypotheses was 
also being developed. In order to test these two approaches, a testing rack has been 
designed to accommodate 4 groups of20 bulbs at a time. Each of these groups will be 
ran through various burn patterns as discussed in this paper. The data gathered from 
these test will then be analyzed to determine if these methods do indeed give rise to a 
successful accelerated life test. 
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